ABSTRACT: Spontaneous and anisotropic surface segregation of W cations in LiMn 1.5 Ni 0.5 O 4 particles can alter the Wulff shape and improve surface stability, thereby significantly improving the electrochemical performance. An Auger electron nanoprobe was employed to identify the anisotropic surface segregation, whereby W cations prefer to segregate to {110} surface facets to decrease its relative surface energy according to Gibbs adsorption theory and subsequently increase its surface area according to Wulff theory. Consequently, the rate performance is improved (e.g., by ∼5-fold at a high rate of 25C) because the {110} facets have more open channels for fast lithium ion diffusion. Furthermore, X-ray photoelectron spectroscopy (XPS) depth profiling suggested that the surface segregation and partial reduction of W cation inhibit the formation of Mn 3+ on surfaces to improve cycling stability via enhancing the cathode electrolyte interphase (CEI) stability at high charging voltages. This is the first report of using anisotropic surface segregation to thermodynamically control the particle morphology as well as enhancing CEI stability as a facile, and potentially general, method to significantly improve the electrochemical performance of battery electrodes. Combining neutron diffraction, an Auger electron nanoprobe, XPS, and other characterizations, we depict the underlying mechanisms of improved ionic transport and CEI stability in high-voltage LiMn 1.5 Ni 0.5 O 4 spinel materials.
INTRODUCTION
High-voltage LiMn 1. 5 Ni 0.5 O 4 spinel is one of the most promising candidates for next-generation cathode materials of lithium ion batteries for electric vehicles and other high-energy density applications due to its high operating voltage ∼4.7 V, low cost, and environmental friendliness. Prior studies had investigated the effects of Mn and Ni cation disordering, 1−5 Mn 3+ concentration, 2, 6, 7 oxygen vacancies, 1, 8, 9 impurities, 4, 10 surface coating, 11, 12 cation doping, 5,13−18 and particle surface crystalline orientation 19−27 on improving the electrochemical performance. Several reviews on high-voltage spinel cathodes have been published recently. 28−35 However, the roles of cation doping on surface segregation and the particle morphology, as well as their subsequent impacts on the electrochemical performance, have not been well established in general.
Several recent studies suggested that the crystalline orientations on the particle surfaces can have significant influences on the electrochemical properties. 19−27 In most experiments, different crystalline facets were found to coexist at the surfaces of LiMn 1. 5 Ni 0.5 O 4 particles: 21−27 {111} and {100} surface facets were most frequently observed. Thermodynamically, {111} and {100} facets tend to coexist due to their similar (low) surface energies, while eliminating {100} facets appears to benefit rate capability and cycling stability. 22 Chemelewski et al. synthesized LiMn 1. 5 Ni 0.5 O 4 particles with dominating {111} surface facets by an improved coprecipitation method to kinetically control the particle morphology to eliminate {100} facets, which achieved an improved rate performance comparing to that of particles with coexisting {100} surface facets synthesized by a traditional coprecipitation method. 22 Interestingly, it also showed that Fe doping could promote the formation of {111} surface facets of LiMn 1. 5 Ni 0.5 O 4 particles, though its underlying mechanism remained unclear. Besides {111} and {100} surface facets, a smaller fraction of {110} facets was also observed occasionally. 24 The {110} facets exhibit the most open channels for fast lithium diffusion but appear to have a higher surface energy, which is not thermodynamically favorable to form compared to {111} and {100}. 36 Here, we have demonstrated a novel strategy to increase the fraction of the most favorite {110} facets thermodynamically to improve the rate capabilities via anisotropic surface segregation of WO 3 , along with enhancing the cycling stability via improving the surface stability. Moreover, we have conducted a combination of neutron diffraction, X-ray photoelectron spectroscopy (XPS), an Auger electron nanoprobe, and other characterizations to verify our hypothesis and reveal the underlying mechanisms at multiple length scales.
Furthermore, prior reports already suggested that the surface segregation of dopants can influence the electrochemical performance of LiMn 1. 5 Ni 0.5 O 4 . 5, 37, 38 Though surface segregation appears to be related to the particle morphology change, 38 the relation between the two phenomena has not been investigated. (In fact, it was often believed that particle morphology was mostly determined by kinetics and the influence surface segregation is unimportant.) 30 Here, we demonstrate, to our knowledge for the first time, that the anisotropic segregation of W cation preferably on the {110} surface facets of LiMn 1. 5 dissolution in electrolyte to subsequently improve the cycling stability. 5 In this study, we further demonstrated via XPS depth profiling that the surface segregation and partial reduction of W cation inhibit the formation of Mn 3+ on surfaces to improve cycling stability presumably via enhancing the cathode electrolyte interphase (CEI) at high charging voltages.
In this study, we added 1 vol % WO 3 , which is a well-known "supported oxide catalyst" that would spontaneously spread (adsorb) on the surfaces of inert oxides (typically Al 2 O 3 and TiO 2 nanoparticles) upon annealing due to its low surface energy, 40−42 to LiMn 1.5 Ni 0.5 O 4 , which representing a facile and cost-effective "mixing and annealing" process. We further demonstrated that WO 3 dissolved into the LiMn 1.5 Ni 0.5 O 4 bulk phase and anisotropically adsorbed (a.k.a. segregated) on the surfaces of LiMn 1.5 Ni 0.5 O 4 particles to increase the fraction of the most favorite {110} facets. 24 The combination effects of bulk doping, surface segregation, and anisotropic-segregationinduced morphological changes improved not only rate capabilities substantially (e.g., an ∼500% increase in the discharge capacity at 25C) but also the cycling stability (e.g., > 25% increase in the discharge capacity at 55°C after 200 cycles at 1C).
EXPERIMENTAL SECTION
To prepare 1 vol % WO 3 -doped LiMn 1.5 Ni 0.5 O 4 (a nominal volumetric percentage calculated using the molar volumes of individual compounds, corresponding to an overall W/Mn atomic ratio of ∼0.06), (NH 4 ) 2 WO 4 (precursor for WO 3 ) was added to as-received LiMn 1. 5 Ni 0.5 O 4 (Sigma-Aldrich, > 99%) and dispersed in 4 mL of acetone. The mixture was placed in a silicon nitride grinding vial with two silicon nitride balls. Before sealing the jar, the corprene gasket was taped by Teflon to protect it from acetone corrosion and precursor contamination. High-energy ball-milling was carried out using a SPEX 8000D mill for a duration of 10 min, followed by a 15 min resting interval; this milling process was repeated 3 times. The mixture was dried isothermally in an oven around 70°C. The dried powder was placed in a covered alumina crucible, isothermally annealed at 800°C for 4 h in a box furnace with a heating rate of 5°C/min, and subsequently cooled in the furnace (with power being shut down) after the isothermal annealing. As a reference, controlled specimens of undoped LiMn 1.5 Ni 0.5 O 4 were prepared with exactly the same ballmilling and annealing procedure as that described above but without the addition of the WO 3 precursor ((NH 4 ) 2 WO 4 ).
Particle sizes and morphologies were characterized using a FEI XL30 scanning electron microscope (SEM). Specific surface area was measured on a Micromeritics ASAP-2000 Gas Adsorption Analyzer.
The surface composition and depth profile of WO 3 -doped LiMn 1.5 Ni 0.5 O 4 particles were characterized by both XPS and Auger electron spectroscopy (AES). XPS was carried out by using a Kratos AXIS ULTRA DLD XPS system equipped with an Al Kα monochromated X-ray source and a 165 mm mean radius electron energy hemispherical analyzer with a step size of 0.1 eV. A 4 keV Ar ion beam was used for sputtering. Binding energies were corrected using C 1s peak 284.6 eV. The sample current was set to be ∼4 μA. Depth profile data were collected after sputtering times of 10, 30, 60, 120, and 240 s. The measured XPS depth profiles represent averages of many different particles and crystalline facets. The XPS data were fitted with the XPSPEAK41 software.
AES surface analysis, in conjunction with depth profiling using ion sputtering, was carried out by a PHI 700 scanning Auger nanoprobe with a nanoscale spatial resolution to obtain surface compositions of individual crystalline facets. Au foils were used as substrates to eliminate charging effects. A multiplex mode survey was used to acquire accurate quantitative results of various elements on surface. The signals from O, Mn, Ni, and W, respectively, were scanned in ranges of 496.4−532.0 eV, 557.8−611 eV, 811−871 eV, and 1692.5− 1758.8 eV, respectively, and subsequently analyzed in ranges of 502.7− 526.5 eV, 563.9−604.5 eV, 824.1−863.0 eV, and 1713.0−1748.9 eV, respectively. Each test was carried out with 40 sweeps and 1 eV per step. Ten cycles of measurements were conducted to obtain highquality signals, in which the acquisition area was corrected after each point test to avoid beam drift and ensure that data was acquired in the same location. The Mn2 signal at 536 eV was selected since there is an overlap of the Mn1 (519 eV) and O (510 eV) signals. Elemental compositions on the facets of (100), (110), and (111) of W-doped and undoped LiMn 1.5 Ni 0.5 O 4 specimens were investigated. At least two points were taken on each facet. A beam energy of 20 kV was used to get a smaller beam size with a spatial resolution of about 8−10 nm. The sputtering source was neutralized Ar of 1 kV beam energy with a 30°incident angle with the sample. The target emission current was 15 mA. The sputtering area was 1 mm × 1 mm. The sputter time was 30 s (between collecting two data points) with a delay of 3 s. The specimen position was recalibrated after each spot was measured. The AES data were fitted with the MultiPak software.
Neutron diffraction characterization data were collected on the VULCAN beamline at the Spallation Neutron Sources (SNS) in the Oak Ridge National Laboratory (ORNL). An incident beam (5 mm × 12 mm) of 0.7−3.5 Å bandwidth, allowing 0.5−2.5 Å d-space in diffracted patterns in the θ ± 90°detector banks, was selected using the double-disk choppers at a 30 Hz speed. The high-resolution mode was employed with Δd/d ≈ 0.25%. The SNS power was at 1100 KW nominally. Neutron diffraction data were collected for a duration of 3 h 43, 44 at room temperature and were reduced by the VDRIVE software. 45, 46 A full-pattern Rietveld refinement was performed using the GSAS programs with the EXPGUI interface. 47, 48 To prepare cathodes, 80 wt % active materials, 15 wt % carbon black (MTI), 5 wt % PVDF (MTI), and an appropriate amount of NMP (Alfa Aesar, anhydrous, 99.5%) were mixed in a glass vial by a vibrating mixer, followed by ultrasonic dispersion. The mixture was coated on
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Research Article an aluminum foil, which was subsequently dried in a vacuum oven at 90°C for 6 h. Cathode electrodes with a diameter of 10 mm were punched out, pressed at ∼187 MPa, and dried in a vacuum oven at 120°C for 8 h before transferring into an Ar-filled glovebox for battery construction. The density of dried electrode coating was ∼3.2 mg cm Electrochemical cycling tests were carried out on an Arbin 2143 tester. The rate performance of LiMn 1.5 Ni 0.5 O 4 specimens was tested at the discharge rates of C/10, C/5, 1C, 5C, 25C, 45C, 65C, and 85C sequentially (with 4 cycles at C/5 to stabilize the battery and 1 cycle for other discharge rates subsequently; 1C equates to 150 mA g −1 ) with a constant charge rate of C/5 at room temperature. The cycling stability of LiMn 1.5 Ni 0.5 O 4 specimens were measured at charge and discharge rate of 1C between 3.2 and 5.0 V at an elevated temperature of 55 ± 3°C in a dry oven after first idling at 55 ± 3°C for 2 h.
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed using a Solartron 1287A/1255B analyzer. CV was performed between 3.2 and 5.0 V at a scan rate of 0.1 mV s −1 . EIS spectra were measured from 1 MHz to 0.05 Hz at 10 mV. The EIS data were fitted with the ZView software. The cells after rate capability test were charged to a cutoff voltage of 5.0 V at C/10 and kept for 10 h for the subsequent impedance measurements.
RESULTS
3.1. Surface Areas and Particle Morphologies. The measured BET-specific surface areas of the undoped and WO 3 -doped LiMn 1.5 Ni 0.5 O 4 specimens prepared using identical ballmilling and annealing conditions were ∼1.8 and ∼1.7 m 2 /g, respectively, a difference of only ∼6%; the undoped LiMn 1.5 Ni 0.5 O 4 specimen had a slightly larger specific surface area. The comparable BET specific surface areas ensured fair comparisons so that the enhanced rate capability and cycling stability of the WO 3 -doped LiMn 1.5 Ni 0.5 O 4 specimen as compared to those of the undoped specimen (that will be discussed subsequently) were not due to different specific surface areas.
The morphologies of the undoped and WO 3 -doped LiMn 1.5 Ni 0.5 O 4 particles are shown in Figure 1 , where some differences are evident. For the undoped LiMn 1.5 Ni 0.5 O 4 particles, surface facets of {111}, {110}, {100}, and {311} coexisted, with estimated surface area fractions of ∼44, ∼18, ∼20, and ∼18%, respectively, which were calculated from Wulff construction simulation of a particle (Figure 2a ) that matched the observation by SEM (Figure 1a ). These observed results are generally consistent with prior density functional theory (DFT) computations. 36 For the WO 3 -doped LiMn 1.5 Ni 0.5 O 4 particles, the surface area fraction of the {111} facets increased slightly from ∼44 to ∼56%, and the fraction of the {110} facets increased substantially from ∼18 to ∼43%. The fraction of the {100} facets decreased drastically from ∼20 to <2%, and the {311} facets disappeared completely. The surface area fraction of the {110} facets had the largest increase, being more than doubled with WO 3 doping.
The simulation of Wulff shapes was done with the software Wulffmaker running in Wolfram CDF Player. 49 The simulated Wulff crystals of the undoped and WO 3 -doped LiMn 1.5 Ni 0.5 O 4 that matched the crystal morphologies observed by SEM (Figure 1 ) are shown in Figure 2a ,b, respectively, and corresponding relative surface energies are listed in Table 1 . In comparison with that of the {100} facets, the surface energies of both {111} and {110} facets decreased more rapidly with WO 3 adsorption.
3.2. Anisotropic Surface Segregation. Strong surface segregation of W was clearly evident in the XPS depth profile. As shown in Figure 3 , the surface atomic ratio of W/Mn was measured by XPS to be 0.23 ± 0.01 based on the fitting results, which decreased rapidly with ion sputtering to ∼0.07 after 60 s and leveled off at ∼0.03 after sputtering 240 s (while the overall nominal W/Mn ratio is 0.06). The surface Ni/Mn ratio was measured to be 0.23 ± 0.07, which was substantially lower than the nominal bulk Ni/Mn ratio of 1 / 3 . After sputtering for 60 s, the measured atomic ratio of W/Mn is 0.33 ± 0.04, approaching to the nominal bulk stoichiometric ratio of 1 / 3 and stayed roughly constant. The sputtering rate was calibrated Figure 1 and schematics of the Li ion diffusion channels on (c) {110}, (d) {111}, and (e) {100} facets, respectively. Red dots and blue octahedra represent Li ions and MO 6 (M = Mn, Ni), respectively. The relative surface energies that produced these Wulff shapes are listed in Table 1 . The atomic ratios of W/Mn on {110}, {100}, and {111} facets, respectively, before sputtering was 0.28, 0.15, and 0.11, respectively. The surface of the {110} facet had the highest W/Mn atomic ratio of 0.28, which was 1.8-fold that on the {100} facet and 2.4-fold that the {111} facet, respectively. The atomic ratios of W/Mn on all facets decreased with increasing sputtering time and leveled off after sputtering for 90 s. The sputtering rate was calibrated to be ∼5 nm min −1 for a reference material of Si for using 1 kV Ar. Finally, the atomic ratio of W/Mn on various facets all converged to ∼0.05 after sputtering for 240 s, close to the XPS result. The AES depth profiles clearly indicate that W prefers to segregate on {110} facets, in comparison with behavior on {100} and {111} facets.
It is worth noting that we used terminology "WO 3 doping" (instead of "WO 3 coating") here because the materials were prepared by a "mixing and annealing" synthesis route and WO 3 segregated at surfaces spontaneously (driven by thermodynamics) in a chemical/thermodynamically equilibrium with the WO 3 -doped bulk material. Figure 5a showed the comparison of rate capabilities between undoped and doped specimens; it is worth noting that the changes in the discharge capacities in Figure 5a were mainly related to the changes in the testing rates, as different rates (and labeled in Figure 5a ) were used in each cycle. The discharge capacities of the doped specimen were substantially higher than those of the undoped specimen at all rates. Specifically, the difference in the discharge capacities between doped and undoped specimens increased with the increasing rate from 1C to 25C. At 25C, undoped LiMn 1. 5 , representing an ∼500% increase from the undoped specimen. Furthermore, at rates higher than 25C, the undoped specimen exhibited virtually no discharge capacity (<1 mAh g −1 ), but the WO 3 -doped specimen still retained discharge capacities of 79.4 ± 5.6 mAh g −1 at 45C, 46.9 ± 16.8 mAh g −1 at 65C, and 13.8 ± 2.4 mAh g −1 at 85C, respectively. Though a relatively low mass loading of 3.2 mg/cm 2 with 80% active material was used in this study, outstanding rate performance could still be achieved by optimizing the carbon content for a thick electrode.
The measured EIS spectra are shown in Figure 6 and fitted results are displayed in Table 2 . Both the surface film and charge transfer resistances decreased from 156.0 and 47.0 Ω of the undoped specimen to 56.3 and 19.5 Ω of the doped specimen, which is consistent with the enhanced rate performance. The decrease of the charge transfer resistance ( Figure 6 ) could be related to the increase of {110} surface facets that may be favorite for the surface charge and ion transfer. Figure 7 displays the charge and discharge profiles of the doped and undoped specimens in the first cycle at C/10. The discharge capacity of the doped LiMn 1. 5 4 . In addition, the Coulombic efficiency of the first cycle was also improved from 78 to 86% with WO 3 doping, leading to a difference of the initial discharge capacity between undoped and doped specimens. Figure 9 shows that the cycling performance was also enhanced by WO 3 doping. After 200 cycles at an elevated temperature of 55°C and a relatively high rate of 1C, the discharge capacities were 111.7 and 88.9 mAh g , respectively, for the doped and undoped specimens, respectively, corresponding to capacity retentions of 87 and 81%, respectively. Hence, the significant improvement of the discharge capacity of doped specimen after 200 cycles was mainly attributed to the increase in the initial reversible capacity by WO 3 surface segregation. Both the rate capability and cycling stability of the undoped specimen obtained in this work are comparable with . Atomic ratios of W to Mn vs. sputtering time curves measured by AES on three different surface facets of {110}, {100}, and {111}. The {110} facet has the highest level of W segregation, which is consistent with the observed largest reduction in the relative surface energy in the WO 3 -doped specimen (Table 1) .
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Research Article those previously reported with the same/similar compositions and loading density of the active material. Figure 10a , where a decrease in the binding energy represents a decrease of the cation valence. Specifically, the Mn 2p binding energy shifted from 641.8 eV at the surface to 640.3 eV in the bulk, suggesting that the average Mn valence at the surface is higher. In other words, the Mn 3+ concentration on the surface was likely lower than that in the bulk. This result is different from the reported result of the undoped LiMn 1.5 Ni 0.5 O 4 , where no shift in the Mn 2p binding energy after sputtering implies no change of the Mn valence at the surface. 50 For W, the distance between the two spin−orbit split doublets, W 4f 5/2 and W 4f 7/2 , is 2.15 eV, and the area ratio is 4:3, both of which should be constant (as required by quantum mechanics). As shown in Figure 10b , the W 4f 7/2 peak was at ∼34.7 eV in the XPS spectrum before sputtering and shifted by ∼0.2 eV toward higher energies after sputtering. The lower peak energies suggest the presence of some W 5+ on the surface, while the shift to a higher binding energy with sputtering time The fitted surface film and charge transfer resistances are given in Table 2 . ) at the surface, which presumably helps to reduce the dissolution of Mn and improve the cycling stability. In addition, the Ni 2p 3/2 binding energy was ∼854.2 eV, which is consistent with that reported in literature, 50, 52 and did not change with the sputtering time, indicating that the Ni valence does not change at the surface.
3.5. Neutron Diffraction. Figure 11 shows the neutron diffraction patterns for the undoped and WO 3 -doped LiMn 1.5 Ni 0.5 O 4 specimens. The Rietveld refinement structure analysis was used to investigate the crystal structure of both samples. 53−56 For long-term annealing at 700°C, LiMn 1.5 Ni 0.5 O 4 intended to become ordered structure, and the ordered structure is disturbed upon further higher heating. 57, 58 While these samples were annealed at 800°C and cooled down quickly, both of them retained the fully disordered structure. Both patterns of undoped and doped specimens did not show any superstructure peaks arising from ordered structure (P4 3 32 space group), and both were successfully refined according to the Fd3̅ m space group of a disordered structure. The corresponding reliable factors R wp and R p are 3.76 and 2.89% for the undoped specimen, and they were 3.36 and 2.47% for the doped specimen. The lattice constants were 8.1610 ± 0.0003 and 8.1662 ± 0.0002 Å, respectively, for the undoped and doped specimens, respectively. An increase in the lattice constant (0.0052 Å) after WO 3 doping was observed.
A secondary phase indexed with a rock-salt structure (Fm3m ̅ space group) was found in both patterns. 58 The impurity content was 0.82 ± 0.07 wt % for the undoped specimen and 1.83 ± 0.08 wt % for the doped specimen. The influence of such small amounts of the impurity phase on the electro- 
Research Article chemical performance may be negligible. WO 3 doping also decreased the oxygen occupancy from 100.6 ± 1.8 to 97.7 ± 1.5%, which is consistent with the increased concentration of Mn 3+ in the bulk phase, as well as the slight increase in the lattice constant.
DISCUSSION
4.1. Change in Particle Morphology and Anisotropic Surface Segregation of W. Both undoped and doped specimens were prepared via the same procedure except for the addition of WO 3 . The resultant particle sizes ( Figure 1 ) and BET surface areas of undoped and doped specimens were roughly identical within the measurement errors. Hence, it is reasonable to assume that WO 3 doping led to the change in particle morphology (Figures 1 and 2a,b) .
Furthermore, both XPS and AES have unequivocally demonstrated the surface segregation (adsorption) of W in the doped LiMn 1.5 Ni 0.5 O 4 particles. The surface energy can be changed (reduced) with adsorption/segregation of W according to the well-known Gibbs adsorption equation:
where γ is the surface energy, and μ and Γ, respectively, are the chemical potential and surface excess (total adsorption amount per unit area) of the adsorbing specie, respectively. Furthermore, AES depth profiles (Figure 4) show that W prefers to segregate at the {110} surface facets (with a greater Γ), which leads to a greater reduction of γ {110} in comparison with that of other facets. Consequently, the largest reduction in the relative surface energy in γ {110} (Table 1) leads to an increase in the fraction of the {110} facets according to the well-established Wulff theory (construction) of the equilibrium crystal shape, which are consistent with experimental observations (Figures 1 and 2a,b) . Similarly, anisotropic segregation may also destabilize {311} facets and change the relative ratios of other facets.
4.2. Mechanisms of the Improved Rate Capability. The increase fraction of the {110} (as well as {111}) facets may enhance the rate capability because {110} (as well as {111}) facets exhibit more open channels for fast diffusion of Li + ions (Figure 2c−e) . Though LiMn 1.5 Ni 0.5 O 4 is regarded as a 3D lithium diffusion material, the lithium diffusion rates perpendicular to different facets can be different, particularly at high charging and discharging rates. As shown in Figure 2c − e, the {110} facets provide the most open path for the lithium diffusion, followed by the {111} facets and then the {100} facets. Since the anisotropic surface segregation of W significantly increased the fraction of the {110} facets (from ∼18 to ∼43%) and moderately increased the fraction of the {111} facets (from ∼44 to ∼56%), as shown in Figures 1 and  2a,b , it improved the rate performance of the doped specimen ( Figure 5 ).
We note that the bulk doping of W 6+ can increase the concentration of Mn 3+ in the bulk phase, which can also improve the rate capability via triggering cation disordering in LiMn 1−x Ni x O 4 (being a possible alternative mechanism for the improved rate performance). 7 However, if the structure is (already) disordered, then further increasing the Mn 3+ content in the disordered structure may not further improve the rate capability. 7 In the current case, refined structures obtained from neutron diffraction (Figure 11 ) suggested that both undoped and doped specimens are likely fully disordered. Hence, the increase of the Mn 3+ concentration in the bulk phase of the doped specimen may not play a major role in improving the rate capability in the current case. In other words, the improved rate capability in the current case is mostly likely related to the anisotropic surface segregation of W and the associated particle morphological change of the Wulff shape with increased fractions of the favorite {110}, as well as {111}, facets. In addition to improving the cycling stability (a subject that will be discussed further in the next section), the improved the chemical stability of the W-segregated surfaces can also improve the rate capability via suppressing the rapid increase of the surface resistance, as evident directly in EIS results ( Figure 6 ). , resulting in poor cycling stability. 59 However, our cycling stability results (Figure 9 ) clearly show that the doped specimen (that presumably have a high Mn 3+ content) had a better cycling stability than the undoped specimen. This is likely related to the W surface segregation (along with the partial reduction of W 6+ to W 5+ at the surface; Figure 10b ), which likely decreases the Mn 3+ concentration at the surface, thereby enhancing the cycling stability via reducing 
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Research Article the disproportionation of Mn 3+ cations and suppressing the Mn 2+ dissolution. We note that a most recent report by Kuppan et al. suggested "superior kinetics of (100) facets at the vertices of truncated octahedral particles" can promote anisotropic (preferential) delithiation that cause degradation due to strain-induced cracking in larger (micrometer-sized) particles. 60 In our case, WO 3 segregation increased the fractions of both {110} and {110} planes but reduced the fraction of {100} facets, which could also be beneficial and contributed to the increased cycling stability.
In cations. Furthermore, anisotropic surface segregation of W changes the relative surface energies of different crystalline facets and subsequently the Wulff shape of the crystalline particles, which improves the rate capability via increasing the areas of {110} and {111} facets with more open channels for fast lithium ion diffusion. For example, the discharge capacity at 25C can be increased by ∼500% by 1 vol % WO 3 doping.
In a broader context, this study has demonstrated the anisotropic surface segregation (or formation of 2D surface phases 63−67 in general) can be utilized as a facile method to control the particle morphology thermodynamically, as well as modify surface properties (i.e., increase the electrochemical stability and surface transport rates in this particular case), to significantly improve the rate capability, cycling stability, and potentially other properties of battery materials, as well as a broad range of other functional materials for energy-related applications, such as supercapacitors 68 and photocatalysts. 
